Abstract. The prevalence of Alzheimer's disease (AD) is increasing rapidly, heightening the importance of finding effective preventive therapies for this devastating disease. Midlife vascular risk factors, including type 2 diabetes mellitus (T2DM), have been associated with increased risk of AD decades later and may serve as targets for AD prevention. Studies to date suggest that T2DM and hyperinsulinemia increase risk for AD, possibly through their effects on amyloid-β metabolism and cerebrovascular dysfunction -two early findings in preclinical AD pathology. This paper reviews the evidence supporting a relationship between T2DM, hyperinsulinemia, and diabetic dyslipidemia on the development of AD, discusses DM treatment trials and their preliminary results on cognitive function, and proposes some strategies for optimizing future AD prevention trial design.
INTRODUCTION
Alzheimer's disease (AD) is a devastating illness that currently affects over 26 million people worldwide [1] . The prevalence of the disease is expected to increase fourfold over the next 40 years unless effective preventive therapies are discovered [1] . In addition, newer estimates of dementia prevalence worldwide suggest that previous calculations underestimated the true prevalence of the disease by approximately 10% [2] . The higher-than-expected rates of dementia may be due to not only the aging of the population, a key risk factor for AD, but also the increasing prevalence of specific dementia risk factors, including type 2 diabetes mellitus (T2DM) [3] . The lack of effective medical therapies to treat dementia coupled with the incipient projected dramatic increase in the number of persons with AD in the coming decades has put medical research in a crisis to urgently find effective treatment and prevention strategies.
While some well-established risk factors for AD cannot be altered, such as age and apolipoprotein E ε4 (APOE4) allele, midlife vascular risk factors that are modifiable have recently been identified as important risk factors for AD, making them attractive targets for AD preventive therapies [4] [5] [6] [7] [8] . In the presence of the current obesity epidemic and its subsequent contribution to climbing rates of T2DM and dyslipidemia, investigators are working to unravel the links between glucose, insulin, and lipid metabolism and their relationship to the underlying neurobiological changes noted in AD. This paper reviews the evidence supporting a relationship between T2DM, hyperinsulinemia, and diabetic dyslipidemia on the development of AD and proposes some strategies for optimizing investigations into whether treatment of these risk factors may delay or prevent the onset of AD in specific populations.
TYPE 2 DIABETES MELLITUS AS A RISK FACTOR FOR ALZHEIMER'S DISEASE

Epidemiologic evidence: Relationship of diabetes mellitus with incident Alzheimer's disease
While some longitudinal prospective studies support an association of T2DM and hyperinsulinemia with the development of AD, not all research confirms this relationship. In recent years, several systematic reviews have been published to summarize the data from longitudinal, population-based studies assessing the relationship between DM and incident dementia [9, 10] . A systematic review by Biessels and colleagues [9] published in 2006 included 11 prospective studies of varying quality that assessed late-life AD and DM. Of these 11 studies, seven showed a relationship between DM and incident AD, with relative risks (RR), odds ratios (OR), or hazard ratios (HR) ranging from 1.4 to 2.4 [6, [11] [12] [13] [14] [15] [16] . Two additional prospective studies included in Biessels' systematic review assessed the relationship of midlife diabetes with incident AD with one showing neutral results (RR 1.0, 95% CI 0.5-2.0) [17] and the other showing a strong relationship of midlife DM with AD (OR 4.4, p < 0.01) [18] .
A systematic review by Kopf and Frölich published in 2009 [10] summarized the findings of 11 prospective, population-based studies assessing the contribution of DM to risk of AD, including eight studies included in the systematic review by Biessels and colleagues. The studies reviewed in the analysis by Kopf and Frölich contained original data, ascertained DM at baseline, assessed AD as an outcome variable, and included some type of risk ratio in their statistical analyses [10] . Four out of eleven studies included in this systematic review showed an increased risk of AD in persons with DM with RR or HR ranging from 1.59 to 1.9 [6, [12] [13] [14] ; the other seven studies showed non-significant results [11, [19] [20] [21] [22] [23] [24] . Varying methodology may explain some of the discrepancies in findings between the studies as each study used different techniques to ascertain DM, including interview-based medical history, review of currently prescribed anti-diabetic medications, oral glucose tolerance tests, random blood glucose levels, and/or measurement of hemoglobin A1C [10] . Three out of four of the studies with significant findings had larger sample sizes of persons with DM (n > 600) and included oral glucose tolerance tests at baseline. Thus, the authors concluded that some studies with non-significant results may have been underpowered or may have missed DM in patients who had not yet been clinically diagnosed [10] . While in general the data analyzed in these two systematic reviews give credence to the hypothesis that T2DM may increase risk of incident AD, these reviews also highlight the importance of large sample sizes and standardized assessments of DM and other interrelated vascular risk factors in the design and analysis of future prospective studies.
Other prospective population-based studies have been published since Kopf and Frölich's systematic review was completed. The Interdisciplinary Longitudinal Study on Adult Development and Aging (ILSE) evaluated a representative birth cohort of 381 subjects born between 1930 and 1932 in Germany. Compared to healthy subjects (n = 159), persons with MCI (n = 108) or AD (n = 26) showed similar prevalence rates for T2DM (p = 0.18) [25] . This study had very small numbers of persons with both AD and DM (n = 6) or both MCI and DM (n = 25), which may have reduced the power of the analysis and impacted study findings [25] . In a recent analysis of 1248 adults (ages 75 years) in the Kungsholmen project, investigators found that persons with DM (n = 75) did not have increased risk of AD [26] . When they narrowed the analysis to the 11 adults with undiagnosed DM (defined as a random blood glucose 11.0 mmol/l [ 200 mg/dL] at baseline or HgbA1C 6.4% at a follow-up examination), they found an association of increased risk of AD (HR 3.29, 95% CI 1.20-9.01) in those with undiagnosed DM. It is unclear if the discrepancy in findings between the total sample of persons with DM and the subgroup with undiagnosed DM represented true differences in risk related to diagnosis and treatment of DM or if the subgroup findings were driven by a few individuals within the small subgroup of participants. Larger studies are needed to confirm whether early diagnosis and treatment of T2DM impacts risk of progression to AD as such findings could impact screening and treatment recommendations for older adults at risk for T2DM and AD.
The timing of onset of T2DM may also influence risk for AD. In a case-control analysis using the Swedish Twin Registry (n = 13,693 twin individuals), persons with DM (n = 1,396) had an increased adjusted OR for AD (n = 56) (OR [27] . These findings are supported by other studies showing a relationship between midlife vascular risk factors and onset of AD decades later [4, [28] [29] [30] . The growing evidence that dementia risk begins in midlife or possibly even earlier may have significant public health implications.
T2DM may increase risk for progression from the "pre-dementia" condition of mild cognitive impairment (MCI) to AD. In a prospective study of 103 older adults with MCI recruited from primary care practices in London, DM was associated with an increased risk of progression to dementia (adjusted HR 2.9, 95% CI 1.1-7.3) [31] . Only 59% of the original participants were successfully followed for the 4-year duration of the study, however, leaving only16 people with both MCI and T2DM with six of those participants progressing to AD [31] . Larger studies are needed to confirm this finding that T2DM increases the risk of progression from MCI to AD.
Several other studies have investigated the effects of pre-diabetic conditions, such as "borderline DM" and hyperinsulinemia, on risk for AD and have found mixed results. In a Swedish cohort of 1,173 older adults, subjects with "borderline DM" (defined as no previous history of DM, no anti-diabetic medication, and random plasma glucose of 7.8 to 11.1 mmol/l [140 to 200 mg/dL]) had an increased risk of AD (adjusted HR 1.77, 95% CI 1.06-2.97) relative to the control population [32] . In an analysis of older adults from the Washington Heights-Inwood Columbia Aging Project population (n = 683), hyperinsulinemia was associated with an increased risk of AD (HR 2.1, 95% CI 1.5-2.9) even in hyperinsulinemic subjects without DM (RR 2.3, 95% CI 1.5-3.6) [33] . In the Honolulu-Asia Aging Study of Japanese men (n = 2,568), the risk of dementia (n = 244, including AD and vascular dementia) was increased at the two extremes of serum insulin levels, with persons with either very high or very low serum insulin levels having increased risk [34] . While this pattern persisted in the subgroup with AD, the results were not statistically significant. The authors proposed that these apparently discrepant results could be explained by high serum insulin levels contributing to increased pathologic changes associated with AD and low serum insulin levels serving as a marker of impending dementia [34] . In the population-based Uppsala Longitudinal Study of Adult Men (n = 2,322), participants had an intravenous glucose tolerance test measured at midlife and those men with impaired insulin secretion had a higher cumulative risk of AD (HR 1.30, 95% CI 1.06-1.56) [35] . These studies and other biological evidence support that peripheral hyperinsulinemia may contribute to AD onset. Larger prospective studies of pre-clinical middle-aged adults at risk for both DM and AD are needed to clarify the true risk of hyperinsulinemia and glucose intolerance on AD risk. Understanding the impact of borderline or undiagnosed T2DM on risk for AD and whether these risk factors begin to affect dementia risk in midlife may have important implications on the timing and widespread use of diabetic screening measures for AD prevention.
Epidemiologic evidence: Relationship of diabetes mellitus with cognitive decline
Other studies have investigated the impact of DM on rates of cognitive decline in those both with AD and in those at risk for the disease. The prospective multicenter Réseau de la maladie d'Alzheimer -France (RE-AL.FR) study evaluated 608 community-dwelling persons with probable AD and Mini-Mental Status Examination score between 10 and 26 and followed them for a mean of 26 months [36] . Surprisingly, in the 63 patients (10.4%) with DM at baseline, cognitive decline was slower compared to those without DM (0.38, p = 0.01). While the models used in this study adjusted for potential confounding factors such as hypertension, coronary heart disease, hypercholesterolemia, and atrial fibrillation, the authors note that they did not adjust for use of medications that are more commonly prescribed in diabetics (such as angiotensin converting enzyme [ACE] inhibitors, statins, and aspirin) which may potentially have positive cognitive effects [36] [37] [38] . In addition, use of self-report to assess vascular risk factors, including T2DM, hypertension, and hypercholesterolemia, may have influenced the study outcome. Other studies have found conflicting results, showing that T2DM is associated with changes in learning and memory, mental flexibility, and processing speed [39, 40] and that the rate of cognitive decline is accelerated in older adults with T2DM [41] . Further studies are necessary to clarify how T2DM affects AD progression as these findings may impact how aggressively DM is managed in persons with established AD.
Investigations support that pre-diabetic conditions, such as metabolic syndrome, may also increase risk for cognitive decline. Metabolic syndrome is a cluster of metabolic derangements that includes obesity (central adiposity), insulin resistance, glucose intolerance, dyslipidemia, and hypertension. In a 5-year prospective study of 2,632 older men and women, metabolic syndrome (n = 1016) was associated with an increased risk of cognitive decline (multivariate adjusted RR, 1.20; 95% CI, 1.02-1.41) compared to those without metabolic syndrome [42] . Participants with both metabolic syndrome and high levels of inflammation had an even greater risk for cognitive decline (multivariate adjusted RR, 1.66; 95% CI, 1.19-2.32) [42] . In a multicenter trial of 4,895 older women with osteoporosis, increasing numbers of components of the metabolic syndrome were associated with a 23% age-adjusted increase in the risk of developing cognitive impairment per unit increase in the number of components (OR, 1.23; 95% CI, 1.09-1.39) [43] . Thus, while metabolic syndrome may contribute to cognitive decline, further research is needed to clarify if this constellation of risk factors contribute to progression to AD neuropathology [44] . Furthermore, it is unclear whether all of the components of metabolic syndrome contribute equally to risk of cognitive decline.
Given the strong association of T2DM with dyslipidemia, obesity, hypertension, physical inactivity, and inflammation, differentiating the impact of these risk factors on AD risk from those of DM may prove difficult (Fig. 1) . The Kungsholmen study showed interactive effects between DM and hypertension that affected the relative risk of AD [24] . In the Washington HeightsInwood Columbia Aging Project population, persons with both hypertension and DM had an increased the risk of AD (HR, 3.3; 95% CI 1.9-5.9) compared to those without vascular risk factors [15] . Additional research will need to clarify the relative contributions of each vascular risk factor to AD risk in the presence of T2DM. As with cardiovascular risk assessment [45] , the interactive effects of additional vascular risk factors with T2DM may potentiate the risk for AD. In addition, studies still need to clarify the potential impact of APOE4 allele carrier status, gender, and ethnicity on the relationship between T2DM and other vascular risk factors with AD risk [43, 46] . In summary, while methodological differences exist in prospective studies assessing the association of T2DM with incident AD and cognitive decline, evidence to date is strong enough to suggest that DM likely contributes to AD risk in subgroups of individuals. The association of midlife risk factors and undiagnosed DM with the onset of AD may lead to future changes in diabetic screening recommendations for persons at risk for DM and AD. While some prospective studies do support that hyperinsulinemia contributes to AD risk, more research is needed to better elucidate the various mechanisms through which T2DM contributes to development of AD.
Methodological issues with epidemiologic studies
Many of the conflicting findings between various prospective epidemiologic studies may be due to methodological differences between studies, including variations in sample size, correction for increased mortality in diabetic subjects, definitions of DM, and adjustments for vascular confounding factors [10] . Given that T2DM is a risk factor for cardiovascular disease, stroke, and vascular dementia [12, 45] , there may be some methodological issues regarding survival bias of non-diabetic patients with AD, especially in studies with long follow-up intervals [47] . In addition, each prospective study defined DM differently with some using random or fasting blood samples and others using self-reported diagnoses or assessment of anti-diabetic medication use. Since DM is underdiagnosed in older adults, studies without glucose measurements may have inappropriately assigned patients with T2DM to the non-diabetic group. In addition, while studying midlife vascular risk factors is attractive from a prevention perspective, studies that ascertain T2DM only at baseline in midlife may miss incident diabetes later in life and its impact on the development of AD. In addition to difficulties with standardization of the diagnostic criteria for T2DM in epidemiologic studies, there are also concerns about the standardized approach to diagnosing AD within large prospective studies. While many neuroepidemiologic studies now employ cognitive screening followed by a more detailed neurologic and neuropsychological assessment, some studies continue to use medical record review to diagnose AD.
In addition to methodological differences contributing to varying study outcomes, the tight relationship between T2DM with other important vascular risk factors make it difficult to assess the relative contribution of each of these factors to the development of AD. Not all studies have the ability to adjust for important confounding factors, including hypertension, dyslipidemia, obesity, depression, and other genetic factors [9] . Furthermore, epidemiologic studies may be confounded by medication use as persons with T2DM frequently use statins, aspirin, and ACE inhibitorsmedications that may have beneficial cognitive effects [9, 37, 38, 48] .
In order to provide the best data to clarify the relationship between DM and AD risk, future prospective studies will need to use standardized assessments of DM (including fasting blood samples), direct measures of related vascular risk factors (systolic and diastolic blood pressure, waist and hip measurements, fasting lipid panels, etc.), and careful assessment of dose and duration of concomitant medication use. In addition, data quality will be improved with use of large sample sizes and frequent follow-up intervals to correct- ly adjust for survivor effect. Optimally, such studies will also include measures to clarify mechanisms of disease, such as blood insulin levels, cerebrospinal fluid biomarkers for AD, and neuroimaging measures of perfusion and other pathologic changes.
MECHANISMS LINKING DIABETES MELLITUS, DYSLIPIDEMIA, AND ALZHEIMER'S DISEASE
Interrelationship between amyloid-β metabolism and cerebrovascular dysfunction
AD neuropathology is characterized by the accumulation of extracellular amyloid plaques, composed chiefly of amyloid-β (Aβ), and intraneuronal neurofibrillary tangles, comprised of tau proteins. The aggregation and accumulation of cerebral Aβ may occur as a result of increased neuronal production, decreased activity of Aβ-degrading enzymes, or changes in the ability of Aβ to cross the blood-brain barrier [1] . Aβ accumulation subsequently leads to neuronal dysfunction and triggers the release of neurotoxic mediators [1] . In addition to the neurobiologic changes associated with Aβ, evidence supports that cerebrovascular dysregulation contributes to the pathogenesis of AD [7, 49] . Both Aβ deposition and cerebrovascular dysregulation are two early findings in preclinical AD pathology [50, 51] and work synergistically to accelerate neuronal degeneration [7] (Fig. 2) . Physiological levels of soluble Aβ induce dysfunction in cerebral vessels of rats and in cultured endothelial cells [51, 52] . In animals, topical application of Aβ to the cerebral cortex leads to cerebrovascular dysregulation and systemic administration of Aβ reduces resting cerebral blood flow [53] . In a reciprocal manner, vascular risk factors and vascular dysfunction have also been shown to contribute to Aβ deposition [7, 54] . Thus, given the integrated relationship between Aβ generation and cerebrovascular dysfunction, therapeutic interventions that both reduce Aβ levels and improve cerebral blood flow may interrupt this cascade effect to delay the development of AD pathology.
Impact of diabetes mellitus on amyloid-β metabolism and cerebrovascular dysfunction
T2DM and dyslipidemia both affect Aβ generation and cerebrovascular dysfunction and, thus, are attractive targets for AD prevention strategies. T2DM is associated with a dyslipidemia characterized by hypertriglyceridemia, low HDL-cholesterol levels, and small, dense low-density lipoprotein (LDL) particles. T2DM, hyperinsulinemia, and dyslipidemia all contribute to abnormal Aβ metabolism [55, 56] , endothelial dysfunction [57, 58] ,and increased arterial stiffness [59, 60] -central components of cerebrovascular dysfunction. Dysfunctional insulin signaling contributes to the pathogenesis of AD [61, 62] , as insulin signaling regulates glucose metabolism in the brain, and plays an important regulatory role in neuronal development, learning, and memory [63, 64] . Insulin stimulates Aβ secretion and inhibits extracellular degradation of Aβ by competing for insulin-degrading enzyme (IDE) [65] [66] [67] . IDE is a key regulator of Aβ in neurons and glial cells. IDE knockout mice have hyperinsulinemia, glucose intolerance, and increased cerebral accumulation of Aβ [67] . In support of this relationship between high peripheral insulin levels and Aβ metabolism, insulin infusions (coupled with dextrose infusion to maintain euglycemia) in 16 older adults led to increases in cerebrospinal fluid Aβ 42 levels [68] . In a reciprocal manner, a transgenic mouse model demonstrated that the physiological role of amyloid-β protein precursor (AβPP) modulates glucose and insulin homeostasis of neurons [69] .
In addition to insulin's direct effect on Aβ metabolism, deregulation of glucose metabolism results in an accumulation of advanced glycation end products (AGEs) [61, [70] [71] [72] , mitochondrial dysfunction [73, 74] , and inflammation [75, 76] , factors that contribute to the development of both DM and AD. In an autopsy study, brains of persons with both AD and DM showed increased number of Aβ dense plaques and receptor for AGEs (RAGE)-positive and tau-positive cells, higher AGEs levels, and major microglial activation, compared to persons with AD who did not have DM [72] .
In addition to its effects on Aβ secretion and degradation, T2DM also contributes to cerebrovascular dysfunction via microvascular ischemia and endothelial dysfunction, conditions which may contribute to chronic cerebral hypoperfusion [58, 77] . Aging and insulinlike growth factor-1 receptor (IGF-1R) signaling are both related to the development of cerebrovascular dysfunction, DM, and AD [78] . T2DM leads to thickening of the capillary membrane, microinfarcts, generalized atrophy, and white matter changes [79] . These changes in the microvascular circulation may lead to reduced regional cerebral blood flow that impairs cerebral protein synthesis, a key factor for learning and memory [7, 80, 81] . By impairing protein synthesis, chronically reduced resting cerebral blood flow may trigger neuronal dysfunction, and, thus, alter cognitive function. The relationship between cerebrovascular changes, DM, and AD is supported by autopsy findings from the community-based Adult Changes in Thought Study [82] . This study evaluated incident dementia cases that underwent autopsies (n = 259) and had information on DM status (n=196) to assess the impact of DM on neuropathological changes. The investigators divided autopsy cases into four groups: those without DM or dementia; those with DM, but without dementia; those without DM, but with dementia; and those with both DM and dementia. In persons with dementia (n = 71), the investigators observed two patterns of injury by their DM status: individuals without DM had a greater Aβ load, while patients with DM had more microvascular infarcts. In diabetic patients with dementia, the number of microvascular infarcts was greater in deep cerebral structures in patients whose DM was treated, whereas amyloid plaque load tended to be greater for untreated diabetic patients [82] . These findings suggest that patients with DM have neuropathological findings consistent not only with possible vascular dementia, but also those consistent with AD, especially in untreated diabetic patients. The apparent discrepancy in findings of studies showing increased [72] versus decreased Aβ load [82] in persons with both DM and AD suggests that further investigation is warranted.
To further assess such vascular changes in clinical trials, investigators are increasingly using dynamic measures of cerebral macrovascular and microvascular function, such as transcranial Doppler, arterial spinlabeling MRI, and single photon emission computed tomography (SPECT) imaging [83] [84] [85] . Integration of PET in vivo amyloid imaging into such trials as well will provide a unique opportunity to assess how DM, hyperinsulinemia, and their treatments affect both Aβ metabolism and cerebrovascular reactivity and their relationship to AD.
Impact of diabetes mellitus on other pathologic mechanisms
Glucose transport may also be related to tau pathology, the other key pathologic finding in AD. In a pathology study, levels of major brain glucose transporters O-GlcNAcylation and phosphorylation of tau were assessed in postmortem brain tissue from frontal cortices of controls, persons with T2DM, individuals with AD, and adults with both AD and DM [63] . Findings from this study suggested that DM contributes to increased risk for AD by impairing brain glucose uptake/metabolism and downregulating OGlcNAcylation which facilitates abnormal hyperphosphorylation of tau [63] . Thus, DM may contribute to the onset of AD by both Aβ and tau-related mechanisms.
Diabetic dyslipidemia and Alzheimer's disease risk
Numerous prospective studies support that hypercholesterolemia is associated with an increased risk for AD [4, [86] [87] [88] , although much less is known about the impact of hypertriglyceridemia, low HDL-C, and small, dense LDL particles characteristic of the lipid disorders noted in persons with DM. While animal models suggest that elevated plasma triglyceride levels may precede amyloid deposition in AD mouse models [89] , human studies relating elevated triglyerides to AD are still controversial. Triglyceride levels were shown to interact with APOE4 genotype to influence risk for AD in Nigerian Yoruba adults [46] , but other studies have not supported this association. Some studies suggest that neither HDL-C nor triglyceride concentrations contribute to cognitive decline [90] . Data from the French Three-City (3C) cohort (n = 7087) demonstrated that high triglyceride levels were the only component of metabolic syndrome that was significantly associated with the incidence of all-cause dementia (n = 208 cases) (HR 1.45, 95% CI 1.05-2.00) and the subgroup of those with vascular dementia (n = 40 cases) (HR 2.27, 95% CI 1.16-4.42); however, this relationship was not noted in the subgroup with AD (n = 134 cases) (HR 0.90, 95% CI 0.57-1.43) [91] . Small dense LDL particles are more closely associated with vascular dementia and atherogenic dyslipidemia than with AD [92] . Given the difficulty in obtaining fasting lipid samples in large prospective longitudinal studies, many prospective studies have not collected triglyceride levels, but only non-fasting total cholesterol levels. Cross-sectional studies of the association of triglycerides or HDL-C with AD may be less accurate than midlife assessments of risk due to the changes noted in cholesterol levels prior to the onset of AD. Thus, further investigation into the impact of diabetic-related dyslipidemia on AD risk is needed to clarify whether elevated triglycerides and low HDL-C contribute to pathologic changes over and above those induced by insulin-related neuropathology.
TREATING TYPE 2 DIABETES MELLITUS TO DELAY ONSET AND PROGRESSION OF ALZHEIMER'S DISEASE
Understanding the strength of the association between T2DM and AD risk, the potential mechanisms explaining this relationship, and the contributing effects of related vascular risk factors to AD pathology will allow investigators to develop effective prevention trials targeting these mechanisms. Development of randomized, double-blind, controlled prevention trials evaluating lifestyle and/or pharmacologic interventions affecting insulin sensitization and glucose metabolism are critical to clarifying whether careful management of DM can prevent or delay the onset and progression of AD. Studies are also needed to evaluate whether treatment of other related vascular conditions associated with T2DM, such as dyslipidemia and hypertension, will provide added benefit in delaying AD onset in persons with DM.
Early clinical trial results suggest that some insulin sensitizing agents may favorable modify AD progression. In a placebo-controlled, double-blind, parallelgroup pilot study, 30 subjects with mild AD or amnestic MCI were randomized to a 6-month course of rosiglitazone (n = 20) or placebo (n = 10) [93] . Primary endpoints were cognitive performance and plasma Aβ levels. Relative to the placebo group, subjects receiving rosiglitazone exhibited better delayed recall and selective attention. Plasma Aβ levels were unchanged from baseline for subjects receiving rosiglitazone, but declined for subjects receiving placebo, consistent with reports that plasma Aβ 42 decreases with progression of AD [93] . In a 24-week randomized controlled Phase II dosing trial of 511 AD patients, long-acting rosiglitazone therapy (2mg, 4mg, or 8mg) was not associated with any significant improvement in performance on the Alzheimer's Disease Assessment Scale -cognitive portion over placebo [94, 95] . However, in persons who did not carry the APOE4 allele, all three doses of therapy demonstrated an improvement over placebo; no such benefit was noted in APOE4 allele carriers. These results led to a Phase III pharmaceutical trial that is underway to evaluate the impact of extendedrelease rosiglitazone on cognitive function in persons with mild to moderate AD and without treated DM [95, 96] . In this ongoing study, careful attention is being given to the underlying APOE genotype in the design and analysis of results [95] .
A recent randomized, open-controlled clinical trial in persons with mild AD and T2DM, randomized 42 patients to either the peroxisome proliferator-activated receptor gamma (PPARγ) agonist pioglitazone (n = 21) or no treatment (n = 21) for 6 months [97] . They evaluated the effects of pioglitazone versus no treatment on cognition, regional cerebral blood flow, and plasma levels of Aβ 40 and Aβ 42 and found that the pioglitazone group improved on cognition and regional cerebral blood flow in the parietal lobe, while the control group showed no improvement. Plasma Aβ 40 /Aβ 42 ratios increased in the control group, but not in the pioglitazone group. The results of this pilot study demonstrated that pioglitazone exhibited cognitive improvements [97] . Another study is investigating the safety and tolerability of pioglitazone in non-diabetic patients with AD and generating preliminary information on whether pioglitazone might delay the progression of the disease [98] . An NIH-sponsored trial in overweight adults with MCI is evaluating the impact of metformin versus placebo on memory and brain imaging outcome measures with MRI and FDG-PET [99] . Integration of biomarkers assessing Aβ metabolism and neuroimaging will facilitate the understanding of whether antidiabetic medications work to delay AD progression primarily through Aβ-or vascular-related mechanisms.
While peripheral hyperinsulinemia may lead to AD pathology, some evidence shows that intranasal insulin treatment, which travels directly into the central nervous system, may facilitate cognition in patients with early AD or MCI. In a randomized controlled trial of 25 patients with early AD or MCI, twice daily intranasal insulin administration was associated with greater performance in delayed verbal memory, attention, and functional status compared to placebo. Insulin treatment raised fasting plasma Aβ 40/42 ratio (p = 0.0207), suggesting a potential effect on not only cognition, but also on Aβ metabolism [100] .
While the above mentioned studies focused on persons with MCI and/or AD, future clinical trials focusing on the management of DM for primary prevention of AD are critical. A few large clinical trials have shown that lifestyle interventions and antidiabetic medications, including metformin and rosiglitazone, prevent the development of T2DM in at-risk adults [101] [102] [103] . Two of these trials, the Finnish Diabetes Prevention Study and the Diabetes Prevention Program in the United States, have planned ancillary studies assessing the impact of these interventions on cognition [101, 102, 104] . The Action to Control Cardiovascular Risk in Diabetes (ACCORD) Memory in Diabetes Study (ACCORD-MIND) is underway to test whether there is a difference in the rate of cognitive decline and structural brain change in patients with DM treated with standard-care guidelines compared with those treated with intensive-care guidelines [105] .
In an effort to better understand the impact of AD preventive therapies on not only cognitive outcomes, but also the neurobiologic changes associated with these therapies, many AD treatment and prevention trials are now integrating AD biomarkers into their study design. Use of CSF Aβ and tau levels [106] , structural and functional neuroimaging [98, 99, 105] , as well as sensitive cognitive test batteries [107, 108] focusing on memory and executive function will clarify how cognitive changes correlate with pathological changes. In addition, future trials will continue to need to measure and appropriately adjust for other vascular risk factors that could impact treatment outcomes, such as dyslipidemia, hypertension, and abdominal obesity.
CONCLUSIONS
Evidence to date supports that T2DM may increase risk of AD, even beginning in midlife, and that undiagnosed DM may put individuals at even greater risk of dementia. T2DM may increase AD risk through hyperinsulinemia and its contribution to Aβ and cerebrovascular dysregulation. While high serum total cholesterol levels have been associated with increased risk of AD, it is unclear if the high serum triglyceride and low HDL-C levels characteristic of diabetic patients contribute to AD risk beyond that conferred by insulin dysregulation. Clinical trials are underway to evaluate the impact of treatment and prevention of T2DM on risk for the development and progression of AD.
FUTURE DIRECTIONS
Given the increased cardiovascular risk in persons with T2DM, there are already strong indications for many patients with DM to be prescribed potential preventive therapies for AD, including statins, aspirin, and ACE inhibitors. This makes it difficult to conduct randomized clinical trials assessing the utility of these agents in delaying the onset of AD, given the ethical concerns about randomization to placebo. Thus, fu-ture clinical trials for AD prevention may focus on persons falling just below indications for these therapeutic agents, such as those with "borderline diabetes" or metabolic syndrome. In addition, these therapies will likely need to be assessed in both persons with established AD and MCI as well as those persons at risk for AD, but without any cognitive symptoms. Thus, future clinical trials will likely target pre-diabetic, pre-clinical persons at risk for AD.
Efforts to curb this growing epidemic of T2DM and its contribution to AD will require effective interdisciplinary research partnerships to study mechanisms of cell signaling to design new therapeutic agents, clinical trials to investigate the prevention and treatment of T2DM and pre-diabetic conditions, and effective community-based, culturally sensitive interventions to educate persons about the risks and management of T2DM. Hopefully, such research and community partnerships will lead to a reduction in the prevalence of both DM and AD.
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